Introduction
============

*Salmonella enterica* are facultative intracellular pathogens that are found in the gastrointestinal tract of mammalian, avian, and reptilian hosts. These Gram-negative bacteria are highly versatile and can adapt to a wide range of conditions both in the natural environment and within host organisms. While there are more than 2,500 *S. enterica* serovars only a few are commonly associated with disease in mammals. In humans, *Salmonella* are primarily associated with either localized intestinal infection or severe systemic disease. *Salmonella* gastroenteritis is usually self-resolving in healthy adults. It is one of the most common causes of food-borne disease, possibly affecting over 90 million people globally each year (Majowicz et al., [@B66]), and can be caused by many serovars although the most common are serovars Typhimurium and Enteritidis. Systemic disease in healthy humans (typhoid) is caused by serovar Typhi and a handful of other serovars that are strictly adapted to humans and higher primates. Immunocompromised individuals, such as those with AIDS or cancer, often develop systemic salmonellosis when infected with non-typhoidal *Salmonella* serovars (Gordon, [@B38]).

The interplay between *Salmonella* and its vertebrate hosts is complex and involves a variety of virulence factors, although two of the most important are the type III secretion systems 1 and 2 (T3SS1 and T3SS2). Together these are used to inject over 30 effector proteins into the cytoplasm of host cells where they act on a variety of pathways. In epithelial cells, T3SS effectors are essential for both invasion and the subsequent establishment of the intracellular niche by *Salmonella* (Figure [1](#F1){ref-type="fig"}). The intracellular niche is a modified phagosome, known as the *Salmonella*-containing vacuole (SCV), which undergoes extensive T3SS effector-dependent membrane remodeling. This review focuses on how *Salmonella* establish their intracellular niche in epithelial cells with particular emphasis on invasion and SCV biogenesis.

![**Biogenesis of the SCV**. Invasive *Salmonella* use T3SS1 to translocate effector proteins into host cells. Several of these effectors drive actin-mediated ruffling and internalization of the bacteria into a modified phagosome or SCV. T3SS1 effectors are also present on the SCV membrane and are important for rapid remodeling of the membranes as well as more sustained effects. The early SCV has many characteristics of early endosomes, including the phospholipid PI(3)P and proteins that interact with it such as Rab5 and SNX1. Dynamic tubular networks containing SNX1 or SNX3 are involved in membrane remodeling during this early stage in SCV biogenesis. During this initial phase of infection the majority of *Salmonella* down-regulate T3SS1 and induce T3SS2, which is required for subsequent steps in SCV biogenesis. The majority of SCVs relocate to a juxtanuclear location within 1--2 h and become enriched in proteins, such as Lamp1, Rab7, and vacuolar ATPase, that are normally found in late endosomes and lysosomes. However, some SCVs do not undergo this maturation process and instead either lyse and release the bacteria into the cytosol or are targeted by the autophagy system. In the mature SCV replication is initiated 4--6 h post invasion and is accompanied by the formation of a dynamic tubular network that extends from the surface of the SCV. Tubules enriched in Lamp1 are known as Sifs although another population of Lamp1-ve tubules (SISTs) has recently been described. In epithelial cells cytosolic *Salmonella* replicate to high numbers, compared to bacteria inside SCVs, and become re-induced for T3SS1 and flagella. *Salmonella* can also invade cells via T3SS1-independent mechanisms (right side), although biogenesis of the SCV under these conditions has not been well studied.](fmicb-02-00125-g001){#F1}

*Salmonella* Type III Secretion Systems
=======================================

Type III secretion systems are sophisticated contact-dependent delivery systems used by many Gram-negative bacterial pathogens to inject bacterial effector proteins into host cells. These nano-injection systems consist of 20--30 proteins, many of which have homology to proteins in the flagellar export apparatus \[for review (Marlovits and Stebbins, [@B68])\]. While all T3SSs are structurally similar, the effectors secreted by these delivery systems are extremely diverse (Samudrala et al., [@B97]). T3SS1 and T3SS2 are encoded on different regions of the chromosome, known as *Salmonella* pathogenicity islands 1 and 2 (SPI1 and SPI2) respectively, and are functionally and temporally distinct. The SPI1-encoded T3SS1 translocates a cohort of effectors that drive "trigger"-mediated invasion of host cells whereas the SPI2-encoded T3SS2 is induced after invasion and is required for modulation of the intracellular environment. Nevertheless, it is now apparent that some overlap exists and effectors from both systems mediate biogenesis of the SCV (Hernandez et al., [@B46]; Drecktrah et al., [@B25]; Lawley et al., [@B61]; Brawn et al., [@B11]).

*Salmonella* Entry
==================

*In vivo*, *Salmonella* can be found in a variety of phagocytic and non-phagocytic cells, including macrophages, dendritic cells, neutrophils, M cells, and enterocytes (Wallis et al., [@B114]; Jones et al., [@B52]; Richter-Dahlfors et al., [@B92]; Rescigno et al., [@B91]; Salcedo et al., [@B96]; Meyerholz et al., [@B73]; Geddes et al., [@B36]). Bacterial internalization, whether by phagocytosis or *Salmonella*-mediated invasion, involves actin remodeling at its core, which results in formation of plasma membrane extensions and ingestion of the target particle into the membrane bound phagosome. Common features of this process are the involvement of Rho family GTPases and phosphoinositides, which are instrumental in actin remodeling, membrane trafficking and signal transduction. The Rho GTPases, Cdc42, and Rac1, are required for the initiation of actin polymerization during Fc gamma receptor-mediated phagocytosis as well as for *Salmonella* invasion (Zhou and Galan, [@B120]; Hoppe and Swanson, [@B48]; Scott et al., [@B100]). Remodeling of F-actin during phagocytosis is also dependent on phosphatidylinositol (4,5) bisphosphate \[PI(4,5)P~2~\] a phospholipid with multiple roles in the nucleation, elongation, and bundling of actin filaments (Hilpela et al., [@B47]; Scott et al., [@B100]). Local changes in membrane phospholipid composition can also affect the net charge on the cytoplasmic surface of membranes resulting in the selective recruitment of proteins such as members of the Rho family of GTPases (Magalhaes and Glogauer, [@B65]).

Bacterial internalization is accompanied by changes in host cell signaling pathways, affecting a number of vital cellular processes, including membrane trafficking, cell division, apoptosis, microbial killing, cytokine production, and antigen presentation. The ultimate fate of intracellular *Salmonella* is determined by a complex interplay of both host and bacterial factors. Here we focus on the entry methods employed by *Salmonella* invasion of non-phagocytic epithelial cells.

T3SS1-Dependent Invasion
========================

Type III secretion systems 1-mediated invasion of non-phagocytic cells by *Salmonella* has been extensively studied. Morphologically, this "trigger"-mediated invasion process is characterized by the extremely rapid appearance of membrane ruffles on the surface of the host cell, and subsequent formation of spacious phagosomes/vacuoles, or macropinosomes, which may or may not contain bacteria. These events are mediated by a subset of T3SS1 effectors (SipA, SipC, SopB, SopE, SopE2) that act in concert to induce massive localized rearrangements of actin and the plasma membrane as well as activating signaling pathways \[for review (McGhie et al., [@B69]; Dunn and Valdivia, [@B30])\]. While SipA and SipC directly bind actin (McGhie et al., [@B70]; Hayward and Koronakis, [@B42]), SopB, SopE, and SopE2 indirectly modulate actin activity by stimulating Rho family GTPases, which are common targets of bacterial T3SS effectors.

SipA stabilizes actin filaments by enhancing the localized actin-bundling activity of T-plastin (Zhou et al., [@B121]) while also inhibiting the filament-severing activities of cofilin and gelsolin (McGhie et al., [@B71]). SipC can independently cause actin rearrangements via its distinct actin-bundling and actin-nucleating domains (Hayward and Koronakis, [@B41]; Myeni and Zhou, [@B77]). In addition to modulating actin, SipC interacts directly with Exo70, a component of the exocyst complex, which mediates docking and fusion of exocytic vesicles with the plasma membrane (Nichols and Casanova, [@B79]). SopB (also known as SigD) is a phosphoinositide phosphatase, which can hydrolyse a number of phosphoinositides and inositol phosphates *in vitro* and has diverse effects on host cells (Norris et al., [@B80]; Steele-Mortimer et al., [@B104]; Knodler et al., [@B56]; Dukes et al., [@B28]; Patel and Galan, [@B83]; Dai et al., [@B23]; Bujny et al., [@B14]; Mallo et al., [@B67]; Patel et al., [@B84]; Bakowski et al., [@B4]; Braun et al., [@B10]). During invasion, SopB participates in actin remodeling by activating RhoG (Patel and Galan, [@B83]). In its active state RhoG recruits the ELMO--Dock180 complex to the membrane to promote Rac activation and has been implicated in membrane ruffling and engulfment (Gauthier-Rouviere et al., [@B35]; Katoh and Negishi, [@B54]). SopB does not directly activate RhoG but instead targets a guanine-nucleotide exchange factor (GEF), known as SH3-containing GEF (SGEF) that promotes the exchange of GDP for GTP on RhoG (Patel and Galan, [@B83]). Although SopB phosphatase activity is required for SGEF activation the mechanism remains undefined (Raffatellu et al., [@B89]; Patel and Galan, [@B83]).

Whereas SopB activates a GEF, SopE and SopE2 act by mimicking mammalian GEFs. These effectors are members of a family of bacterial GEFs, which bind to Rho GTPases including Rac1 and Cdc42, and activate them by catalyzing exchange of GDP for GTP (Hardt et al., [@B40]; Stevens et al., [@B108]). SopE and SopE2 are about 70% identical (Stender et al., [@B107]), and have different specificities and distribution amongst *S. enterica* serovars. SopE2 appears to be specific for Cdc42 whereas SopE acts on Cdc42 and Rac1. Interestingly, the requirement for Cdc42, but not Rac1, is dispensable for *Salmonella* invasion in some model systems (Criss et al., [@B22]; Patel and Galan, [@B83]).

Recent work suggests that SopE can also activate RalA, a GTPase that is required for assembly of the exocyst (Nichols and Casanova, [@B79]) and has been implicated in Fc gamma receptor-mediated phagocytosis (Corrotte et al., [@B21]). Thus SopE and SipC together appear to direct fusion of exocytic vesicles with the plasma membrane at the site of entry, presumably as a source of membrane for the expanding ruffle or phagocytic cup (Nichols and Casanova, [@B79]). SopB may also stimulate membrane fusion at the site of entry by increasing local levels of PI(3)P resulting in the plasma membrane recruitment of VAMP8, a member of the endosomal synaptobrevin/VAMP family that mediates homotypic fusion of early endosomes (EE; Pryor et al., [@B87]; Dai et al., [@B23]). Thus, *Salmonella* T3SS1-mediated invasion may involve fusion of several intracellular sources of membrane at the site of entry.

In the context of this review, it is worth mentioning several non-receptor kinases implicated in T3SS1-induced actin reorganization and/or downstream signaling. These include Abl, Ack, and the focal adhesin kinase FAK (Murli et al., [@B76]; Shi and Casanova, [@B102]; Ly and Casanova, [@B64]). The signal from these kinases is further mediated to the actin cytoskeleton by scaffold proteins such as p130Cas/BCAR1 (Shi and Casanova, [@B102]), Shank3 (Huett et al., [@B49]), and IQGAP1 (Brown et al., [@B12]), during *Salmonella* invasion. p130Cas/BCAR1 is a member of the Crk-associated substrate (Cas) scaffolding protein family that interacts with FAK (Petch et al., [@B85]; Schuetz et al., [@B99]) and is involved in membrane ruffling (Sharma and Mayer, [@B101]). Intriguingly, IQGAP1 also interacts with Exo70 and it has been implicated in exocyst localization and exocytosis (Rittmeyer et al., [@B93]).

T3SS1-Independent Invasion
==========================

Type III secretion systems-independent mechanisms may be important for invasion of specific cell types or under certain conditions (Heffernan et al., [@B44]; Aiastui et al., [@B2]; Radtke et al., [@B88]; Rosselin et al., [@B94]). In the absence of T3SS1 at least two non-fimbrial outer membrane proteins (Omps), Rck and PagN, can mediate zipper-like invasion of non-phagocytic cells. Both of these Omps, when expressed in non-invasive *E. coli* strains, confer the ability to bind to and invade fibroblastic, epithelial, and endothelial cells, although the efficiency of invasion is cell type dependent (Heffernan et al., [@B44]; Lambert and Smith, [@B59], [@B60]; Rosselin et al., [@B94]). Rck is a 19 kDa member of a family of virulence-associated Omps expressed in Gram-negative bacteria, which promote internalization in epithelial cells and internalization and survival in macrophages (Heffernan et al., [@B43]; Cirillo et al., [@B19]). Rck-mediated entry is dependent upon the Arp2/3 complex and Rac1 and Cdc42 which mobilize actin rearrangements resulting in membrane ruffling and bacterial uptake (Unsworth et al., [@B111]; Rosselin et al., [@B94]). PagN is a 26 kDa protein with similarity to the known invasins/adhesins, Hek and Tia, of pathogenic *E. coli* (Lambert and Smith, [@B59]). The binding of PagN to cell surface heparin sulfate proteoglycans mediates both adhesion and invasion of *Salmonella* (Lambert and Smith, [@B60]).

Each *Salmonella* serovar has over a dozen adhesin gene clusters many of which are implicated in pathogenesis (Edwards et al., [@B31]; Clayton et al., [@B20]). Included in this group are distinct types of fimbriae (type I fimbriae, plasmid-encoded fimbriae, long polar fimbriae, thin aggregative fimbriae) and non-fimbrial adhesins (ShdA and SiiE). While type I fimbriae can mediate binding to epithelial cells, they also help induce actin-dependent uptake in the absence of T3SS1 (Misselwitz et al., [@B74]). SiiE is a giant adhesin that is required for efficient T3SS1-mediated invasion into polarized epithelial cells but not into non-polarized epithelial cells or fibroblasts (Gerlach et al., [@B37]).

Although T3SS1-mediated invasion has been the center of attention for over a decade the recent use of alternative *in vitro* model systems have made it evident that *Salmonella* can use multiple ways to invade non-phagocytic host cells. It is not clear why *Salmonella* has developed alternate mechanisms for cellular invasion, but it is hypothesized that these Omps and/or adhesins when used in conjunction with T3SS1-mediated invasion may help provide cell and host specificity. While none of these mechanisms rival T3SS1-mediated invasion in complexity and efficiency they may certainly play an important roles in *Salmonella* pathogenesis.

Life in a Vacuole
=================

Following internalization into the host cell *Salmonella* are located in the SCV, a vacuolar niche modified and adapted by the bacteria via the activities of both T3SS1 and T3SS2 effectors (Figure [1](#F1){ref-type="fig"}). The newly formed SCV is enriched in EE proteins, such as EEA1, which are subsequently replaced by late endosomal/lysosomal (LE/lys) markers, such as the lysosomal glycoprotein Lamp1 (Garcia-del Portillo and Finlay, [@B33]; Steele-Mortimer et al., [@B105]). In cultured epithelial cells, the SCV migrates from the cell periphery to a juxtanuclear position within 1--2 h following invasion (Abrahams et al., [@B1]; Ramsden et al., [@B90]). Bacterial replication is initiated approximately 4--6 h post invasion and is accompanied by the extension of Lamp1 enriched membrane tubules (Sifs) from the surface of the SCV (Garcia-del Portillo et al., [@B34]). T3SS1 effectors play an important role, not only in invasion but also in early stages of SCV biogenesis. In contrast T3SS2, which is induced intracellularly following invasion, is required for later events in SCV biogenesis including the onset of bacterial replication and Sif formation (Waterman and Holden, [@B116]). Recent studies, regarding the roles of T3SS effectors and host proteins in SCV biogenesis, have provided new insights into the mechanisms used by *Salmonella* to establish its intracellular niche. Here we highlight some of these findings and discuss their significance. For convenience, SCV biogenesis is separated into three stages: early, intermediate, and late.

Early Vacuole Development -- T3SS1 Effectors, Spacious Vacuoles, and Tubules
============================================================================

Immediately after formation, the SCV undergoes rapid membrane remodeling (Figure [1](#F1){ref-type="fig"}) predominantly driven by the activities of the T3SS1 effector SopB, which is translocated during entry and then persists in the host cell for several hours following invasion (Kubori and Galan, [@B58]; Drecktrah et al., [@B25]). During initial contact with the host plasma membrane, the phosphoinositide phosphatase activity of SopB manipulates plasma membrane phosphoinositides to activate Akt via PI(3,4)P~2~ and/or PI(3,4,5)P~3~ (Steele-Mortimer et al., [@B104]) and also drives macropinosomes/phagosome formation via removal of PI(4,5)P~2~ (Terebiznik et al., [@B109]). Thereafter, SopB located on the cytosolic face of the SCV directs an increase in PI(3)P, a phosphoinositide normally associated with EE, and a decrease in PI(4,5)P~2~ (Hernandez et al., [@B46]; Mallo et al., [@B67]; Bakowski et al., [@B4]). SopB-dependent acquisition of PI(3)P is not directly driven by SopB phosphatase activity but rather a result of SopB-dependent recruitment of the small GTPase Rab5 to the SCV membrane (Hernandez et al., [@B46]; Mallo et al., [@B67]). As a consequence the Rab5 interacting protein Vps34 is also recruited, and it is the activity of this type III PI3K that generates PI(3)P in the SCV membrane (Mallo et al., [@B67]). SopB activity is also required for reducing levels of negatively charged PI(4,5)P~2~ and phosphatidylserine from the SCV, which results in the dissociation of several Rab proteins from the SCV and may serve to delay SCV-lysosome fusion (Hernandez et al., [@B46]; Mallo et al., [@B67]; Bakowski et al., [@B4]).

Phosphoinositide binding proteins, such as the sorting nexins (SNX), are important regulators of membrane trafficking. The SNX protein family comprises over 30 members, each of which contains a Phox homology (SNX-PX) domain that binds to membrane phosphoinositides (Worby and Dixon, [@B118]). Two SNX proteins, SNX1 and SNX3, participate in early SCV biogenesis in a SopB-dependent manner (Bujny et al., [@B14]; Braun et al., [@B10]). Many SNX proteins, including SNX1, also contain a BAR (Bin-amphiphysin-Rvs) domain, which can sense or induce membrane curvature (Van Weering et al., [@B112]). In SNX1 the PX and BAR domains, co-operatively target the protein to specific parts of the EE, enriched in PI(3)P and PI(3,5)P~2~, where they promote tubule formation (Carlton et al., [@B15]). SNX1 is a member of the retromer sorting complex that mediates retrieval of receptors from the endolysosomal pathway to the TGN, a process that is believed to be mediated by membrane tubules (Carlton et al., [@B15]). During *Salmonella* invasion of epithelial cells SNX1 first accumulates in the proximity of membrane ruffles and then, within 15 min post invasion, localizes to tubules that emanate from the SCV and are associated with vacuolar shrinking (Bujny et al., [@B14]). In SNX1 depleted cells, movement of the SCV to the juxtanuclear region and onset of replication are delayed and the cation-independent mannose-6-phosphate receptor (CI M6PR) accumulates on SCVs (Bujny et al., [@B14]). CI M6PR is used for delivery of soluble lysosomal enzymes to lysosomes and is normally excluded from SCVs, this has been interpreted as evidence for lack of lysosomal fusion with the SCV (Garcia-del Portillo and Finlay, [@B33]). An alternative explanation for the exclusion of CI M6PR from the SCV is that CI-MPR is recruited to the nascent SCV but is then efficiently removed in a SNX1-dependent manner. Together with studies showing delivery of lysosomal content markers to the SCV this supports a model in which SCVs can fuse with lysosomes during biogenesis (Oh et al., [@B81]; Drecktrah et al., [@B26]).

Unlike SNX1, SNX3 does not contain a BAR domain or interact with retromer. However, it also localizes to the endocytic pathway and has been shown to function in sorting and membrane invagination within multivesicular bodies (Pons et al., [@B86]; Xu and Hensel, [@B119]). In *Salmonella*-infected cells, SNX3 transiently localizes to SCVs at early times post invasion (10 min) and thereafter to membrane tubules formed 30--60 min post invasion (Braun et al., [@B10]). In SNX3 depleted cells, delivery of Rab7 and Lamp1 to the SCV is impeded, indicating a requirement for this SNX in SCV maturation (Braun et al., [@B10]). Since SopB is required for formation of both SNX1 and SNX3 tubules (Bujny et al., [@B14]; Braun et al., [@B10]), modulation of phosphoinositides in the SCV membrane by this T3SS1 effector appears to be a prerequisite for SCV biogenesis.

Another T3SS1 protein implicated in early SCV biogenesis is SptP, a bifunctional protein that functions both as a GTPase activating protein (GAP) and as a tyrosine phosphatase (Fu and Galan, [@B32]; Kubori and Galan, [@B58]; Patel and Galan, [@B83]; Humphreys et al., [@B50]). The GAP activity down-regulates Cdc42 and Rac1 and is required for termination of membrane ruffling (Fu and Galan, [@B32]; Kubori and Galan, [@B58]; Patel and Galan, [@B83]). Subsequently, SptP dephosphorylates valosin-containing protein (VCP), a member of the AAA protein family that functions in a variety of physiological processes (Humphreys et al., [@B50]). However, while VCP and its adaptors (p47 and Ufd1) are required for efficient SCV maturation their functions during this process have not been elucidated.

Intermediate Vacuole Development -- A Question of Position
==========================================================

In common with many other intracellular pathogens, including *Chlamydia* and a variety of viruses, *Salmonella* use dynein-mediated transport along microtubules to reach a juxtanuclear position adjacent to the microtubule organizing center (MTOC). It is hypothesized that this location is important for access to a supply of cellular and/or pathogen components delivered by dynein motors traveling along microtubules (Wileman, [@B117]). Movement of the SCV to the MTOC, and maintenance at that position, are multi-factorial processes involving at least three T3SS2 effectors (SseF, SseG, and SifA) as well as two T3SS1 effectors (SipA and SopB; Salcedo and Holden, [@B95]; Abrahams et al., [@B1]; Deiwick et al., [@B24]; Brawn et al., [@B11]; Wasylnka et al., [@B115]). *Salmonella* strains deficient in *sseF* or *sseG* display a predominantly scattered distribution and recruitment of the dynein motor complex to the SCV requires SseF (Abrahams et al., [@B1]). Although the mechanism of action of these two effectors remains undetermined, they form a structural and functional interaction that is required for maintenance of the juxtanuclear position (Deiwick et al., [@B24]). Intriguingly, the actin based motor, non-muscle myosin II, is also implicated in SCV positioning (Wasylnka et al., [@B115]). Again this process is not well understood, however, myosin II activity may be modulated locally on the SCV via a process involving SopB phosphatase activity and activation of the Rho kinase (ROCK; Wasylnka et al., [@B115]). How the myosin-actin and dynein-microtubule driven processes complement or overlap with one another in SCV relocation has not been addressed.

Late Vacuole Development -- Holding Still and Extending
=======================================================

During the later stages of infection (\>6 h post invasion) SCVs are maintained at the MTOC/juxtanuclear region through the actions of effectors that modulate both microtubule and actin based transport (Abrahams et al., [@B1]; Deiwick et al., [@B24]). At the same time membrane tubules formed on the cytosolic surface of the SCV extend rapidly along microtubules toward the cell periphery (Drecktrah et al., [@B27]). To maintain the position of the SCV while simultaneously generating a dynamic tubular network, the bacteria uses a set of effector proteins that exhibit both co-operative and antagonistic activities.

Undoubtedly the best understood T3SS2 effector is SifA, which is required for the formation of Sif tubules (Stein et al., [@B106]), the most prominent tubular structures induced by *Salmonella*. Sif formation involves at least two host cell proteins; the plus end directed microtubule motor kinesin-1 and the kinesin-binding protein SKIP (SifA and kinesin-interacting protein; Boucrot et al., [@B9]; Dumont et al., [@B29]). Kinesin recruitment to the SCV and its subsequent activation are critical steps in late SCV maturation \[for review see (Leone and Meresse, [@B62])\]. Recruitment of kinesin does not require SifA, but is instead driven by the T3SS2 effector PipB2, although subsequently, SifA modulates the level of kinesin on the SCV via interaction with SKIP (Henry et al., [@B45]). In the absence of SifA or SKIP, SCVs accumulate excess kinesin and the membrane becomes compromised resulting in release of the bacteria into the cytoplasm (Beuzon et al., [@B5]; Dumont et al., [@B29]). In uninfected mammalian cells SKIP binds to the GTP-bound active form of Rab9, a small GTPase localized to endosomes, and is involved in positioning of LE/Lys (Dumont et al., [@B29]). In infected cells, SifA prevents the interaction of SKIP with Rab9 and, since SKIP specifically interacts with active GTP-bound Rab9, may antagonize Rab9 activity (Jackson et al., [@B51]). Alternatively, by binding SKIP, SifA may increase the amount of GTP-Rab9 that is available to interact with an alternate target. Rab9 normally regulates retrograde transport from late endosomes to the TGN but it has also been implicated in the formation of lysosome related organelles (LRO), such as melanosomes and platelet dense bodies (Kloer et al., [@B55]). During LRO formation GTP-Rab9 interacts with a protein complex (BLOC-3; Kloer et al., [@B55]), and perhaps a similar mechanism is involved in the formation of Sifs, which could also be considered a form of LRO.

Another effector that co-operates with SifA in late SCV biogenesis is the T3SS1 effector SipA. In cells infected with *Salmonella* lacking SipA, SifA is mislocalized and SCVs are redistributed to the cell periphery (Brawn et al., [@B11]). The SCV positioning activity of SipA is located in the N-terminal domain of the protein and when expressed exogenously in epithelial cells this domain can associate with LE/Lys and promote clustering in the juxtanuclear region (Brawn et al., [@B11]). In addition, the actin binding activity of SipA, which is located in the C-terminal domain, also has a role in late SCV biogenesis, being required for accumulation of F-actin around the SCV (Meresse et al., [@B72]; Guignot et al., [@B39]). This SipA-dependent actin accumulation is likely a result of its ability to inhibit actin disassembly (McGhie et al., [@B71]). Indeed, depolymerization of the actin cytoskeleton results in redistribution of SCVs toward the cell periphery, although the exact role of actin accumulation around the SCV has not been well studied (Wasylnka et al., [@B115]).

Another T3SS2 effector protein involved in SCV/Sif biogenesis and stability is SseJ, a protein with some homology to glycerophospholipid:cholesterol acyltransferases (GCATs; Lossi et al., [@B63]). These enzymes are involved in cholesterol esterification and lipid body formation. SseJ can esterify cholesterol *in vitro*, in cells and during infection and SCVs and Sifs are enriched in cholesterol (Nawabi et al., [@B78]). Activation of SseJ depends upon binding GTP-bound RhoA and, although many bacterial effectors are known to manipulate GTPases, this is the first instance of an effector being regulated by the activity of a host GTPase (Christen et al., [@B18]). Intriguingly, SifA can interact specifically with GDP-bound RhoA, acting as a GEF, and it is possible that SifA, SKIP, SseJ, and RhoA co-operatively promote host membrane tubulation (Ohlson et al., [@B82]; Vinh et al., [@B113]). In *S. enterica* serovar Typhi, the causative agent of human typhoid fever, *sseJ* is a pseudogene. Surprisingly, when Typhi is trans-complemented with the functional Typhimurium *sseJ* gene there is a significant decrease in the level of toxicity of the organism to cultured epithelial cells (Trombert et al., [@B110]). This finding suggests that perhaps loss of SseJ activity is one factor that has contributed to the development of Typhi as an organism associated with systemic disease.

Live-cell imaging studies at later time points (\>6 h post invasion) have revealed that formation of *Salmonella*-induced tubules may involve interactions with the secretory as well as endolysosomal pathways. Thus, although the majority of tubules are highly enriched in Lamp1, a subpopulation is characterized by the presence of the secretory carrier membrane proteins SCAMP2 and SCAMP3 (Mota et al., [@B75]). These large tetraspan proteins are found predominantly on post-Golgi endocytic and exocytic membranes, but can also be found on PI(3)P enriched endosomes and perhaps function in recycling of endocytosed receptors (Singleton et al., [@B103]; Castle and Castle, [@B16]; Aoh et al., [@B3]). *Salmonella*-induced SCAMP3 tubules (SISTs) are observed in close association with the Lamp1 positive Sifs and similarly contain multiple T3SS2 effectors (PipB, PipB2, SifA, SseG, SseJ; Mota et al., [@B75]). Also described recently are LAMP1 negative tubules (LNTs) that may be precursors to Sifs and SISTs and contribute to membrane stability of the SCV (Schroeder et al., [@B98]). LNTs have been shown in only low numbers of epithelial cells infected with WT *Salmonella* and it is possible that the T3SS2 effector SopD limits their production under these conditions (Schroeder et al., [@B98]). The function of all of the *Salmonella*-induced tubules remains unknown, and indeed it is unclear whether any of them are even formed *in vivo*. One possibility is that *Salmonella* might use them to intercept host cell trafficking for nutritional or membrane requirements (Mota et al., [@B75]).

Escape from the Vacuole and the Host Cell?
==========================================

Although the SCV is considered the primary intracellular niche for *Salmonella* the bacteria can also be found in the cytoplasm. In some cells, such as macrophages, the cytosol is a lethal environment for *Salmonella*, however, in epithelial cells the cytoplasm supports robust growth (Beuzon et al., [@B6]; Brumell et al., [@B13]; Knodler et al., [@B57]). Intriguingly, this cytosolic stage may serve as a critical transition step that precedes egress into the extracellular environment (Knodler et al., [@B57]), although this vital stage of the host-pathogen relationship is virtually unstudied for *Salmonella*. We have recently addressed this question using a polarized epithelial cell model and found that *Salmonella* take advantage of a host mechanism known as extrusion, which is normally used to remove dead or dying cells during the turnover of the intestinal epithelium (Knodler et al., [@B57]). The first step in this process seems to be escape from the SCV into the cytoplasm, where bacterial replication far exceeds that occurring within SCVs. The cytoplasmic bacteria also express different virulence genes compared to vacuolar bacteria. Specifically, instead of expressing genes encoding for T3SS2 these bacteria are induced for T3SS1 and flagellar motility. The significance of this is apparent when the infected cell is extruded from the monolayer, and in the process releases a large number of invasive (T3SS1 induced and motile) bacteria. *In vivo* these extruded bacteria may either infect adjacent cells, in order to repeat the intracellular cycle, or be shed into the environment. Thus, although the SCV is an important intracellular niche for *Salmonella*, there may be times when escape from the SCV and growth in the cytosol is just as important for the infectious cycle.

Autophagy
=========

Autophagy (to eat oneself) is a tightly regulated process that is crucial for normal cell homeostasis and is the major mechanism by which cells reallocate nutrients from non-essential processes to essential processes during starvation. In essence it involves degradation of intracellular components via the lysosome. Eukaryotic cells also use a modified form of autophagy, known as xenophagy (to eat foreign matter), to control and/or degrade intracellular bacteria and viruses. In the case of *Salmonella* autophagy appears to have an important role in controlling escape from the SCV. In infected HeLa cells microtubule-associated protein light chain 3 (LC3), a protein often used to monitor autophagy, as well as the ubiquitin binding adaptor proteins p62 and NDP52 are present on approximately 20% of SCVs 1 h p.i. (Birmingham and Brumell, [@B7]; Birmingham et al., [@B8]; Cemma et al., [@B17]). Subsequently, bacteria are associated with ubiquitinated proteins (Birmingham and Brumell, [@B7]; Birmingham et al., [@B8]). The recruitment of LC3 to the SCV seems to involve similar mechanisms as involved in macroautophagy, and is dependent on lipidation of LC3. The lipidation step requires Atg7, Atg3, and Atg5 enzymes and in cells lacking these LC3 recruitment is defective and there is increased cytosolic replication of *Salmonella* (Birmingham et al., [@B8]; Kageyama et al., [@B53]). LC3 recruitment is preceeded by the association of an Atg9L1-positive autophagosome-like double membrane structure around the still-intact SCV as early as 30 min after infection (Kageyama et al., [@B53]). It has been proposed that this isolation membrane, which ultimately becomes the xenophagosome, is formed through an Atg9L1-dependent mechanism, and potentially requires PI3-kinase and the ULK1 complex (Kageyama et al., [@B53]). The LC3 lipidation machinery is apparently recruited independently of these proteins via an unknown targeting mechanism. According to this model LC3 is then involved in closing the isolation membrane thus forming the xenophagosome (Kageyama et al., [@B53]). How the autophagy pathway recognizes the SCV is not completely understood although it is dependent on the T3SS1, and it appears that membrane damage caused by the secretion system is an important trigger (Birmingham and Brumell, [@B7]).

Conclusion
==========

The co-evolution of *Salmonella* serovars and their vertebrate hosts has resulted in the development of a tightly interwoven relationship as illustrated by the complexity of host-pathogen interactions seen at a single cell level. The mechanisms by which *Salmonella* invade non-phagocytic vertebrate cells and subsequently establish a replicative environment have been extensively investigated. Many of the molecular interactions between host and pathogen have been elucidated in recent years. Nevertheless, many important questions remain unanswered. How do *Salmonella* avoid host cell defenses such as phagolysosomal fusion? How do *Salmonella* complete the intracellular cycle and ensure release and/or transmission? What determines whether the bacteria escape into the cytosol or get targeted for xenophagy? Most of the emphasis in the last 10--15 years has been on T3SS1-mediated invasion and subsequent SCV biogenesis, however, it is now clear that *Salmonella* can use a variety of mechanisms to invade non-phagocytic cells and that the SCV is not the only intracellular niche. In order to address these questions, and advance our understanding of this fascinating pathogen, we may have to turn to alternate model systems, such as polarized epithelial cultures, and consider T3SS1-independent mechanisms of invasion as well as the canonical T3SS1-mediated invasion.

Conflict of Interest Statement
==============================

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Work in the author's laboratory is funded by the Intramural Research Program (DIR) of the National Institute of Allergy and Infectious Diseases, National Institutes of Health (NIAID/NIH).

[^1]: Edited by: John S. Gunn, The Ohio State University, USA

[^2]: Reviewed by: Gregory Plano, University of Miami Miller School of Medicine, USA; Tim Yahr, University of Iowa, USA

[^3]: This article was submitted to Frontiers in Cellular and Infection Microbiology, a aspecialty of Frontiers in Microbiology.
